Myles RC, Bernus O, Burton FL, Cobbe SM, Smith GL. Effect of activation sequence on transmural patterns of repolarization and action potential duration in rabbit ventricular myocardium. Am J Physiol Heart Circ Physiol 299: H1812-H1822, 2010. First published October 1, 2010; doi:10.1152/ajpheart.00518.2010.-Although transmural heterogeneity of action potential duration (APD) is established in single cells isolated from different tissue layers, the extent to which it produces transmural gradients of repolarization in electrotonically coupled ventricular myocardium remains controversial. The purpose of this study was to examine the relative contribution of intrinsic cellular gradients of APD and electrotonic influences to transmural repolarization in rabbit ventricular myocardium. Transmural optical mapping was performed in left ventricular wedge preparations from eight rabbits. Transmural patterns of activation, repolarization, and APD were recorded during endocardial and epicardial stimulation. Experimental results were compared with modeled data during variations in electrotonic coupling. A transmural gradient of APD was evident during endocardial stimulation, which reflected differences previously seen in isolated cells, with the longest APD at the endocardium and the shortest at the epicardium (endo: 165 Ϯ 5 vs. epi: 147 Ϯ 4 ms; P Ͻ 0.05). During epicardial stimulation, this gradient reversed (epi: 162 Ϯ 4 vs. endo: 148 Ϯ 6 ms; P Ͻ 0.05). In both activation sequences, transmural repolarization followed activation and APD shortened along the activation path such that significant transmural gradients of repolarization did not occur. This correlation between transmural activation time and APD was recapitulated in simulations and varied with changes in intercellular coupling, confirming that it is mediated by electrotonic current flow between cells. These data suggest that electrotonic influences are important in determining the transmural repolarization sequence in rabbit ventricular myocardium and that they are sufficient to overcome intrinsic differences in the electrophysiological properties of the cells across the ventricular wall. action potential remodeling; electrophysiology TRANSMURAL DIFFERENCES in cellular electrophysiology are known to exist in mammalian ventricular myocardium (13, 47) . In studies of isolated ventricular myocytes, endocardial cells display an action potential duration (APD) that is consistently longer than that of epicardial cells (9, 26, 28, 51) . Furthermore, ventricular M cells with distinct electrophysiological characteristics have been identified in the midmyocardium of some mammals, including rabbit (26), dog (40), and human (10, 19) . At slow stimulation rates, M cells display an APD that is much longer than cells isolated from either epi-or endocardial regions. The dominant influence of these cellular electrophysiological heterogeneities in intact myocardium has been suggested by studies using microelectrode recordings from three regions on the transmural surface of isolated canine ventricular wedge preparations (49). Epicardial and endocardial regions were found to repolarize before the midmyocardium, due to the significant population of M cells in the ventricular wall. The resultant transmural repolarization gradients dictated the characteristics of the voltage signal recorded across the isolated ventricular wall, analogous to the ECG T wave. In contrast, a number of studies (15, 42, 19) in human hearts have suggested that under physiological conditions, electrotonic influences abolish transmural electrical gradients during repolarization. These data question the importance of transmural gradients of repolarization in the ECG T wave, the origin of which remains controversial after decades of investigation (30, 32) . Understanding the balance between intrinsic repolarization characteristics and electrotonic influences in ventricular myocardium is therefore central to our understanding of cardiac electrophysiology.
action potential remodeling; electrophysiology TRANSMURAL DIFFERENCES in cellular electrophysiology are known to exist in mammalian ventricular myocardium (13, 47) . In studies of isolated ventricular myocytes, endocardial cells display an action potential duration (APD) that is consistently longer than that of epicardial cells (9, 26, 28, 51) . Furthermore, ventricular M cells with distinct electrophysiological characteristics have been identified in the midmyocardium of some mammals, including rabbit (26) , dog (40) , and human (10, 19) . At slow stimulation rates, M cells display an APD that is much longer than cells isolated from either epi-or endocardial regions. The dominant influence of these cellular electrophysiological heterogeneities in intact myocardium has been suggested by studies using microelectrode recordings from three regions on the transmural surface of isolated canine ventricular wedge preparations (49) . Epicardial and endocardial regions were found to repolarize before the midmyocardium, due to the significant population of M cells in the ventricular wall. The resultant transmural repolarization gradients dictated the characteristics of the voltage signal recorded across the isolated ventricular wall, analogous to the ECG T wave. In contrast, a number of studies (15, 42, 19) in human hearts have suggested that under physiological conditions, electrotonic influences abolish transmural electrical gradients during repolarization. These data question the importance of transmural gradients of repolarization in the ECG T wave, the origin of which remains controversial after decades of investigation (30, 32) . Understanding the balance between intrinsic repolarization characteristics and electrotonic influences in ventricular myocardium is therefore central to our understanding of cardiac electrophysiology.
The aim of the current study was to examine the relative contribution of cellular heterogeneity and cellular coupling to transmural repolarization. We hypothesized that the effect of different activation sequences on transmural APD would depend on the relative balance of intrinsic cellular differences and electrotonic synchronization of repolarization. We therefore examined the effect of activation sequence on transmural APD using wide-field optical imaging techniques in the rabbit left ventricular (LV) free wall. Voltage signals from hundreds of sites across the transmural surface were mapped simultaneously during different activation sequences. The experimental results were recapitulated using a mathematical model of rabbit ventricular myocardium, which was then used to examine the effects of variations in electrotonic coupling on transmural patterns of APD during different activation sequences. The data support a dominant role for electrotonic influences and suggest that intrinsic cellular differences play a relatively minor role in determining the transmural repolarization sequence in rabbit ventricular myocardium.
METHODS
Ethical approval. This work conforms to the standards set out in the UK Animals (Scientific Procedures) Act 1986. The work was approved by the University of Glasgow Ethical Review Committee and carried out under UK Project Licence No. PPL60/3538.
Experimental preparation. Male New Zealand white rabbits (n ϭ 8) were killed with an intravenous injection of 100 mg/kg pentobarbital sodium. Hearts were excised and placed in chilled Tyrode solution, and the left coronary artery was cannulated and perfused with oxygenated Tyrode solution maintained at pH 7.4 and 37°C. The cannula was oversewn to maintain a stable position while perfusion pressure was monitored. The atria and interventricular septum were removed, and any cut vessels were sutured. Perfused LV wedge preparations were dissected (Fig. 1A) and loaded with voltage-sensitive dye (100 l of 1 mg/ml RH237; Molecular Probes, Eugene, Oregon). Underperfused areas were removed, and a microtome blade was used to produce a clean transmural imaging surface. The preparation was mounted in a custom-built chamber, with the transmural surface in the midportion of the LV orientated for optical imaging (Fig. 1A, inset) . Then, 15 mmol/l 2,3-butanedione monoxime (SigmaAldrich) were used to eliminate motion artifact during optical recordings. The effects on conduction velocity and repolarization in rabbit ventricular myocardium at this concentration are minor (24) . Two Ag/AgCl disc electrodes were placed in the center of the preparation, one on the epicardial side and the other on the endocardial side, and were used to record a pseudo-ECG from the chamber. Two platinum bipolar stimulating electrodes were placed at opposite points on the endo-and epicardial edges of the transmural surface. The preparation was paced at a cycle length of 350 ms with a 2-ms pulse at twice diastolic threshold. Pacing was carried out for at least 30 s from each position before optical recording. In each case, the stimulation site was maintained for 5 min, and the optical measurements were repeated at the end of this period. This protocol was used to ensure steady-state electrophysiological measurements and avoided the induction of the ventricular electrical remodeling that can occur after 1 h of altered activation pattern (25) . In a subset of experiments, the preparation was repositioned within the chamber to allow epicardial imaging. The midportion of the ventricle was imaged, and the epicardial edge of the transmural surface was orientated at the top of the imaging window, such that an area of epicardium including the edge of the cut surface was imaged. Electrode positions were maintained during epicardial imaging.
Optical mapping. An optical mapping system (Fig. 1B, i) , was used to record transmural optical action potentials (APs). Light from four 75-W tungsten-halogen lamps passed through interference filters (525 Ϯ 15 nm) onto the transmural surface. Light was collected through a lens and split with a dichroic mirror at 630 nm. The longer wavelength portion passed through a long pass emission filter (Ͼ695 nm) and was focused onto a charge-coupled device (CCD) camera (RedShirt) yielding a transmural fluorescence image (Fig. 1B, ii) . The CCD camera was set up to image an array of 26 ϫ 26 square pixels at a sampling rate of 5 kHz. For the current study, the optical magnification gave a field width of 8.5 mm, resulting in a single pixel width of 327 m. Examples of single pixel transmural optical APs are given in Fig. 1B , iii. The shorter wavelength light portion was focused onto a second CCD camera (Dalsa) that was used to acquire plain images of the preparation.
Data analysis. Data analysis was performed using custom software. Activation time (AT) was determined at the steepest upstroke of the optical AP and repolarization time (RT) as the time at 90% repolarization. APD at 90% repolarization (APD 90) was calculated by RT Ϫ AT. Rise time was calculated as the time between 10 and 90% of the AP upstroke. Transmural patterns of AT, RT, and APD 90 were sampled between the stimulus points perpendicular to the activation isochrones. All data are expressed as means Ϯ SE. Groups of data were compared using a Student's t-test (paired where appropriate), or where more than two groups were compared, a repeated-measures ANOVA with Tukey-Kramer multiple comparisons testing. To compare APD 90 at multiple sites during endo-and epicardial stimulation a two-way ANOVA was used, in which stimulation site was considered a categorical variable and position a continuous variable.
Modeling. Computer simulations were performed using a detailed electrophysiological model of the rabbit ventricular AP (39) . Transmural propagation of APs was computed in a rectangular slab of rabbit ventricular myocardium (1.0 ϫ 1.0 ϫ 0.5 cm) using the monodomain cable equation. Linear transmural fiber rotation was incorporated with a total fiber rotation of 120°over the thickness of the slab (44) . A transmural gradient in the conductance of the transient outward current was incorporated to mimic earlier experimental results (13) , with maximal conductance on the epicardial surface and a gradual transmural decrease down to 84% on the endocardium. Both endo-and epicardial point stimulations at a cycle length of 350 ms were simulated. Optical signals at the transmural surface were computed from a 0.5 ϫ 0.5 cm field-of-view using a previously developed model of photon transport based on the diffusion equation with partial flux boundary conditions (3, 22) . The optical reduced scattering ( s=) and absorption (a) coefficients were s= ϭ 1.38/mm and a ϭ 0.52/mm at the excitation wavelength and s= ϭ 0.87/mm and a ϭ 0.1/mm at the emission wavelength of the voltage-sensitive dye (22) . The monodomain equation was solved using a forward finite-difference scheme with a spatial resolution of 0.1 mm and an adaptive time step varying between 0.005 and 0.001 ms. This approach has previously been shown to produce quantitatively similar transmural conduction velocity (CV) and APD data to bidomain models (8, 36 ). All simulations were performed on a parallel cluster consisting of 32 AMD Athlon MP2200ϩ processors running at 1.8 GHz. The message passing interface library and a "domain-slicing" algorithm were used to parallelize the code (51) . The computations of the optical signals were performed on a desktop with an Intel Dual Core CPU running at 2.13GHz. This final procedure simply acted as a form of spatial filtering and did not change the direction of computed APD gradients. Figure 2 shows a comparison between optical APs recorded from the transmural and epicardial surfaces during endocardial stimulation. Examples from the subendocardial, midmyocardial, and subepicardial regions of the transmural surface are shown in Fig. 2A , with epicardial APs sampled at similar spacing (Fig. 2B ). There was no difference in the apex-base positioning of the epicardial sampling points. ATs are shown by the superimposed contour maps. AT progressed from the endocardial stimulating electrode as a planar wave across the transmural surface, whereas near synchronous activation of the epicardial surface was observed. Figure 2C shows optical AP rise time (i) and APD 90 (ii), comparing those recorded from the epicardial region of the transmural surface with those recorded from the epicardial surface at progressively increasing distances away from the cut surface. There were no significant differences in rise time or APD 90 of optical APs recorded from the cut surface when compared with those recorded from the epicardial surface (Table 1) .
RESULTS

Transmural optical APs.
Transmural patterns of APD are modified by activation sequence. Contour maps showing transmural patterns of activation, repolarization, and APD 90 during endo-and epicardial stimulation from one experiment are shown in Fig. 3A . Transmural optical APs sampled from the subendocardium, midmyocardium, and subepicardium, along with the pseudoECGs, are shown in Fig. 3B . During endocardial stimulation, a nearly planar transmural activation front was seen, whereas during epicardial stimulation the wavefront was semicircular. Mean transmural CV was greater during endocardial than epicardial stimulation (30.0 Ϯ 0.9 vs. 24.6 Ϯ 1.2 cm/s; P Ͻ 0.005). Patterns of RT were more complex but appeared to follow patterns of activation. Transmural dispersion of repolarization was not different between endocardial and epicardial stimulation (1.77 Ϯ 0.36 vs. 1.10 Ϯ 0.31 ms/mm 2 ; P Ͼ 0.05). Significant transmural gradients of APD 90 were evident during both activation sequences. The transmural sampling sites for determination of mean APD 90 are indicated in Fig. 4A and were the same for each activation sequence. As shown in Fig.  4B , i, during endocardial-to-epicardial activation, the longest APD 90 was found at the subendocardium (165 Ϯ 5 ms), with a progressive shortening of APD 90 at the midmyocardium (156 Ϯ 4 ms) and the subepicardium (147 Ϯ 4 ms). During a reversal of activation sequence (epicardium-to-endocardium), the longest APD 90 values were found in the subepicardium (162 Ϯ 4 ms), with progressively shorter APD 90 values at the midmyocardium (151 Ϯ 4 ms) and subendocardium (148 Ϯ 6 ms; P Ͻ 0.05). This pattern of activation time and APD remained stable during continued pacing of either endo-or epicardial sites for up to 5 min. As shown in Fig. 4B , ii, an inverse relationship between AT and APD 90 was apparent. Within the limited area of ventricle sampled, apicobasal gradients of APD 90 did not exceed transmural gradients. There were no significant apicobasal or transmural gradients in RT during either activation sequence. As shown in Fig. 4C , i, the same inverse relationship between AT and APD 90 existed whether the data were sampled from the apical, mid, or basal free wall. In contrast, as shown in Fig. 4C , ii, RT from all sampled areas remained constant across a range of ATs. There was no difference between mean APD 90 recorded from early activated epicardial regions compared with subepicardial regions during endo-(145.8 Ϯ 5.0 vs. 147.1 Ϯ 3.7 ms) or epicardial stimulation (160.1 Ϯ 7.2 vs. 162.1 Ϯ 4.2 ms).
In a subset of experiments (n ϭ 4), the effect of activation sequence on APs recorded from the epicardial surface was examined. Epicardial pixels were partitioned into 1 ms steps of AT from the earliest epicardial activation during epicardial stimulation. Mean APD 90 during endo-and epicardial stimulation was then compared for each step. In the earliest activated epicardial pixels, there was no difference between epicardial APD 90 and subepicardial APD 90 during endo-(145.8 Ϯ 5.0 vs. 147.1 Ϯ 3.7 ms; P Ͼ 0.05) or epicardial stimulation (160.1 Ϯ 7.2 vs. 162.1 Ϯ 4.2 ms; P Ͼ 0.05). Pixels activated within the first 7 ms of the epicardial stimulus had a significantly longer APD 90 than those recorded during endocardial stimulation. The differences in epicardial APD 90 were not significant in APs from later activated epicardial pixels.
Modulation of APD 90 by activation sequence in simulations. The experimental data suggest an electrotonic effect of activation sequence on APD 90 in myocardial tissue that results in synchronization of RT in space. This was examined using a mathematical model incorporating intrinsic transmural gradients of APD 90 . Contour maps generated from simulations of the transmural surface are shown in Fig. 5A . The isochronal maps of AT show wavefront configurations with similar characteristics to those observed experimentally. The graphs in Fig.  5B detail the transmural patterns of AT, RT, and APD 90 during endo-and epicardial stimulation and compare the data from simulations (Fig. 5B, i) with the experimental data (Fig. 5B, ii) . Transmural patterns of activation, repolarization, and APD 90 derived from simulated optical APs during endo-and epicardial stimulation are shown in Fig. 5B , i. During endocardial stimulation, there is a progressive increase in AT from endocardium-to-epicardium. RT follows AT, but the overall transmural gradient in RT is less than in AT. Therefore, as the activation wavefront travels from endocardium-to-epicardium, APD 90 becomes progressively shorter. During epicardial stimulation there is a progressive increase in AT from epicardiumto-endocardium, with a corresponding increase in RT that is of smaller magnitude than that in AT, meaning that APD 90 again shortens along the activation path. Similar relationships among AT, RT, and APD 90 were observed in the optical measurements from the transmural surface (Fig. 5B, ii) .
Pharmacological modulation of electrotonic coupling. In a subset of experiments, the stimulation protocols were repeated in the presence of the uncoupler carbenoxolone (50 M; n ϭ 4) and the connexin 43 potentiator rotigaptide (1 M; n ϭ 4). of coupling had no significant effects on transmural gradients or absolute values of APD 90 .
Correlation of activation time and APD 90 and the effect of variations in electrotonic coupling. Linear regression between AT and APD 90 for each transmural pixel (Fig. 6A) showed an inverse correlation between AT and APD 90 (endocardial stimulation Ϫ0.59 Ϯ 0.14 and epicardial stimulation Ϫ0.42 Ϯ 0.05). The difference between the mean regression slope for endo-and epicardial stimulation was not significant. These measurements suggest that for a 10-ms increase in activation time across the wall of the ventricle, the APD shortens by ϳ5 ms due to electrotonic interaction. The effect of the gap junction inhibitor carbenoxolone was to reduce conduction velocity by 40% without a significant change in APD 90 , thus reducing the gradient of the relationship between AT and APD 90 . . If electrotonic influences were significant, they would be expected to alter APD and contribute to the altered slope. For example, increasing the conduction velocity (with rotigaptide) would be expected to steepen this relationship and reduce the range of transmural APDs due to increased electronic interaction. The spread of the experimental data precluded detection of small changes in APD, but the model allowed the theoretical effect of intercellular resistance to be assessed.
Under control conditions, the model predicted a monotonic change in APD with activation time. Despite the departure from linearity at low values of diffusion coefficient due to boundary effects, a linear correlation was used to quantify changes in gradient. Under control conditions, the gradient of the relationships between AT and APD 90 were Ϫ0.4 and Ϫ0.39 for endocardial and epicardial stimulation, respectively, i.e., similar to the measured values. Variations in electrotonic coupling were then imposed by changing the diffusion coefficient in the model. The diffusion coefficient was varied over a 16-fold range, producing conduction velocities of 50 -200% of the baseline values. The relationship between AT and APD 90 for each diffusion coefficient is shown in Fig. 6B , i for endocardial stimulation and Fig. 6B , ii for epicardial stimulation; insets show how the repolarization time varies with distance from stimulus site, independent of conduction velocity. The clear differences in gradient, and hence electrotonus, are a result of changing diffusion coefficient. As shown in Fig.  6C , when compared with baseline values, a fourfold reduction in diffusion coefficient is sufficient to produce a 50% reduction in transmural conduction velocity, and this was associated with an approximate halving of the slope of the regression line between AT and APD 90 (Ϫ0.19 for both endocardial and epicardial stimulation). Reduction of intracellular coupling had a small effect on absolute values of APD 90 , prolonging the initial APD 90 by ϳ2% and resulted in an increase in the overall APD gradient. An increase in the diffusion coefficient in the model resulted in an increase in the slope of the regression line (to Ϫ0.78 for endocardial stimulation and Ϫ0.75 for epicardial stimulation), a decrease in initial APD 90 by Ͻ2%, and a decrease in the overall APD gradient. If changes in intercellular coupling caused alterations of APD 90 of the order of ϳ2%, these would not be detected experimentally due to the variation in APD 90 values across the transmural area (see Fig. 6A ).
DISCUSSION
Transmural imaging. In the current study, the electrical characteristics of the cut surface of rabbit LV myocardium were studied to investigate the effects of activation sequence on transmural electrophysiology. Similar preparations from canine and rabbit hearts have been used by other investigators in previous studies (48 -50) . Despite the damage generated at the cut surface, normal APs can be recorded, both optically and using microelectrodes, from the immediate subsurface layer. Yan et al. (48) used activation-recovery intervals (ARIs) recorded from intramural plunge electrodes in the intact ventricular wall to verify that the repolarization characteristics measured on the cut surface were representative of those within the preparation. In the current study, optical measurements from the cut surface revealed AP characteristics comparable to those recorded from the undamaged epicardial surface, and there were no differences in epicardial APs recorded adjacent to and distant from the cut surface. However, uncoupling in experimental preparations such as these does appear to be associated with a lengthening of APD and an increasing of APD dispersion (35) , as demonstrated in a recent comparison of ARI and refractory period (RP) in vivo with those recorded following dissection to a wedge preparation (45) . In the current study, a perfused free wall wedge preparation was used, which has a relatively lower cut surface-to-tissue ratio than other wedge preparations and which may minimize differences in coupling between the preparation and the intact heart. In addition, the AP characteristics recorded in the current study, both in terms of rise time and APD 90 , are similar to those previously recorded from the epicardial surface of Langendorff-perfused rabbit hearts (6, 46) , suggesting that the electrophysiological characteristics of the underlying tissue are not significantly affected by the presence of the cut surface.
Optical rise times. The rise time of optical APs (ϳ10 -15 ms) is a function of the rise time of the cellular AP (ϳ1-2 ms) and blurring due to nonsynchronous activation across the pixel area and within the depth of the sensitive volume (18) . As previously described, optical measurements derived from wide-field systems, such as the one used in the current study, can sample fluorescence from a significant depth of focus. Estimates based on the optical properties of the myocardium suggest that 80% of the signal originates from the first 700 m (4). As these values are well within the space constant of rabbit myocardium, it is unlikely that dramatic differences in electrophysiology exist within the sampled volume.
Transmural activation wavefronts. Endo-and epicardial point stimulation was used in the current study. Previous studies (11, 46) comparing right atrial (RA) with endocardial point stimulation have shown similar epicardial activation patterns, implying a similar transmural activation sequence. Comparable transmural wavefront configurations to those seen in the current study have previously been observed in canine ventricular myocardium (34) and were linked to reduced connexin 43 expression in the subepicardium (33) . In the current study, the different wavefront configurations seen in the experiments were reproduced in the model, in which the Purkinje network was not present, suggesting that they arise, at least in part, from changes in fiber rotation and coupling across the transmural surface. In the current study, transmural CV during epicardial stimulation was found to be significantly slower than during endocardial stimulation, as was also reported in canine ventricular myocardium (34) .
Transmural APD gradient. In the current study, a significant transmural gradient of APD 90 was evident at physiological temperature and stimulation frequency. The transmural gradient was of the order of 15 ms, in keeping with previous recordings from rabbit ventricular myocardium (50) . Studies (1) in canines have suggested a complex transmural APD profile, with midmyocardial APD prolongation, but we observed a monotonic transmural APD relation. The lack of midmyocardial APD 90 prolongation seen here is in agreement with data recorded from microelectrode impalements in a rabbit ventricular wedge preparation (50) . Although M cells were reported in cells isolated from rabbit midmyocardium (26) , their contribution to the electrophysiology of the intact myocardium at physiological rates is slight. 
Effect of activation sequence on APD 90 and repolarization.
In these experiments, a gradient from the longest APD at the subendocardium to the shortest at the subepicardium was seen during endocardial stimulation, and this pattern reversed on epicardial stimulation. This suggested that, regardless of transmural region, early activated sites have a longer APD. The similarity of the correlation between AT and APD 90 across the whole transmural surface during both endo-and epicardial stimulation suggests that differences in wavefront curvature or an apicobasal APD gradient did not significantly contribute to the patterns of APD 90 observed. The relationship between AT and APD 90 suggests that for every 10-ms increment in activation time APD 90 shortens by ϳ5 ms and that this occurs over a distance of ϳ3 mm due to electrotonic interaction. Carbenoxolone-induced reduction in conduction velocity (by ϳ40%) was not associated with significant changes in APD 90 , corresponding well with the very small changes in absolute APD 90 observed as a result of altered intercellular coupling in the computational model. Thus the dominant effect of uncoupling is to diminish the electronic effect on APD 90 , rather than to reveal the underlying differences in regional electrophysiology.
An inverse relationship between AT and RP on the epicardial surface has previously been observed during physiological activation sequences. In open-chest dogs, epicardial ARI and monophasic APs were longer during ventricular epicardial stimulation than RA pacing (17) . The RP of extracellular electrograms has been reported to be shorter when stimulation was distant to the measurement site compared with stimulation at the measurement site (43) . Over a distance of 4 -6 mm, the change in RT was always less than the change in AT, indicating a shortening of APD over this distance. Gotoh et al. (20) identified a progressive shortening of APD from the stimulus site in the transverse axis, but not in the longitudinal axis, resulting in synchronization of RT. More recently, optical imaging techniques have allowed recording of detailed spatial patterns of repolarization. Efimov et al. (11) compared epicardial activation and repolarization patterns during RA and endoand epicardial stimulation in guinea-pig LV. Epicardial repolarization spread anisotropically, mirroring fiber orientation in the ventricular epicardium, and repolarization patterns were unchanged during different activation sequences, implying that modulation of APD had occurred.
In contrast to observations on the epicardial surface, direct modulation of transmural APD by activation sequence has not previously been described. Indeed, increased transmural heterogeneity of APD and the resultant dispersion of repolarization have been reported as important factors in arrhythmogenesis under a range of pathophysiological circumstances (2) . In experiments using intracellular microelectrodes to record from the endo-and epicardium of rabbit ventricular wedge preparations, no difference in APD was detected between endo-and epicardial stimulation at a cycle length of 2,000 ms (27) . Similar results have been reported in canine ventricular wedge preparations (14) . The authors conclude that transmural differences in APD were independent of electrotonic load and likely to be due to differences in cellular repolarization characteristics. In both cases, stimulating electrodes were placed at the center of the wedge preparation and APs were recorded from the transmural (cut) surface, which was at a distance of least 5 mm from the stimulus. Electrotonic modulation of APD is greatest close to the stimulus, which may explain the absence of an observed electrotonic effect in these studies. However, in the current study, cycle length and the orientation of the electrodes were different: stimulating electrodes were placed within 1 mm of the cut surface on either epicardial or endocardial sites, ensuring that the transmural activation pattern was directly dictated by the stimulus.
The measurements in the current study were performed after short intervals of altered activation sequence to examine the immediate effects of changes in electrotonic load, rather than the effects associated with ventricular electrical remodeling, which are significant after ϳ60 min after alteration of the activation pattern and have been well characterized in mammalian ventricles (23, 25) .
Simulations support electrotonic modulation of transmural APD. Simulations using various electrophysiological models of cardiac APs have shown that APD shortens as it propagates away from the stimulus site both on the epicardial surface (37) and transmurally (41) . Furthermore, the boundaries of the medium can also modulate the spatial patterns of repolarization and APD (31) . Recently, Sampson and Henriquez (38) investigated the electrotonic modulation of APD in two different electrophysiological models representing mouse and guineapig ventricular APs. Their simulation showed that besides intrinsic heterogeneity and geometry, the differences in underlying transmembrane ionic currents, and hence the stability of repolarization to an external perturbation, played an important role in the electrotonic modulation of APD. In our simulations using a detailed description of the rabbit ventricular AP with a modest intrinsic transmural gradient in the transient outward current, we found that APD was strongly modulated by activation sequence. We have performed similar simulations using the guinea-pig Luo-Rudy model (12) in which we found that APD modulation was less prominent, thus confirming the results of Sampson and Henriquez (38) on model dependency.
Implications for interpretation of the ECG T wave. The concordance of the polarity of the QRS complex and T wave of the ECG is thought to arise when spatial spread of depolarization and repolarization occurs in opposite directions (7, 29) . Apicobasal gradients of APD are known to exist in mammalian ventricle and may be important in the inscription of the T wave. In the current study, transmural repolarization followed activation and tended to occur with a faster time course, resulting in minimal transmural dispersion of RT. Apicobasal gradients of APD over a relatively small distance did not exceed those seen in the transmural plane. Clearly, the absolute magnitude of apex-base repolarization differences in the intact heart may be greater, as they occur over a larger distance than that sampled here. Overall, the data suggest that isolated transmural gradients of repolarization may not be solely responsible for the ECG T wave.
Implications for human hearts. In the current study, electrotonic effects in both experiments and simulations were sufficient to reverse APD gradients and therefore minimize any repolarization gradient over a distance of ϳ5 mm. The available data suggest that such effects may have a significant influence on the time course of repolarization over relatively small distances from the stimulus site. An inverse relationship between AT and ARI has been demonstrated on the endocardial (5, 21) and epicardial (16) surfaces of normal human LV in vivo. Whether electrotonic influences are able to counteract the effect of an abnormal transmural activation sequence in the human ventricle remains unclear. The implications of the current study for pathological states also merit further investigation. The modeled data (Fig. 6B) suggest that the range of APD increases as coupling is reduced, raising the possibility that pathological uncoupling may increase dispersion of repolarization and thereby enhance susceptibility to arrhythmias, as has previously been suggested in a rabbit model of heart failure (47).
Conclusions. In this study, transmural APD 90 was recorded during endocardial and epicardial stimulation. The results demonstrate that transmural gradients of APD 90 are modified by activation sequence. As distance from the site of stimulation increases, APD 90 shortens, resulting in relatively synchronous transmural repolarization. The results are consistent with the effect of electrotonic current flow between cells modulating the repolarization phase of the AP and suggest that, in intact tissue, electrotonic modulation of APD dominates the effects of intrinsic transmural differences in cellular repolarization characteristics. 
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